Smith RS, Weitz CJ, Araneda RC. Excitatory actions of noradrenaline and metabotropic glutamate receptor activation in granule cells of the accessory olfactory bulb. J Neurophysiol 102: 1103-1114, 2009. First published May 27, 2009 doi:10.1152/jn.91093.2008. Modulation of dendrodendritic synapses by the noradrenergic system in the accessory olfactory bulb (AOB) plays a key role in the formation of memory in olfactory-mediated behaviors. We have recently shown that noradrenaline (NA) inhibits mitral cells by increasing ␥-aminobutyric acid inhibitory input onto mitral cells in the AOB, suggesting an excitatory action of NA on granule cells (GCs). Here, we show that NA (10 M) elicits a long-lasting depolarization of GCs. This effect is mediated by activation of ␣ 1 -adrenergic receptors as the depolarization is mimicked by phenylephrine (PE, 30 M) and completely blocked by the ␣ 1 -adrenergic receptor antagonist prazosin (300 nM). In addition to this depolarization, application of NA induced the appearance of a slow afterdepolarization (sADP) following a stimulus-elicited train of action potentials. Similarly, the group I metabotropic glutamate receptor (mGluR1) agonist DHPG (10 -30 M) also produced a depolarization of GCs and the appearance of a stimulus-induced sADP. The ionic and voltage dependence and sensitivity to blockers of the sADP suggest that it is mediated by the nonselective cationic conductance I CAN . Thus the excitatory action resulting from the activation of these receptors could be mediated by a common transduction target. Surprisingly, the excitatory effect of PE on GCs was completely blocked by the mGluR1 antagonist LY367385 (100 M). Conversely, the effect of DHPG was not antagonized by the ␣ 1 -adrenergic receptor antagonist prazosin (300 nM). These results suggest that most of the noradrenergic effect on GCs in the AOB is mediated by potentiation of a basal activity of mGluR1s.
I N T R O D U C T I O N
In the olfactory bulb, the most abundant neuronal type-the granule cells (GCs)-forms ubiquitous dendrodendritic synapses with projection neurons and mitral and tufted cells (MTCs) (Shepherd and Greer 1998) . Lateral and recurrent inhibition at dendrodendritic synapses between GCs and MTCs are thought to be the most relevant physiological mechanisms contributing to olfactory processing in the bulb. In the accessory olfactory bulb (AOB), a region of the bulb involved in the processing of olfactory information relevant to social and reproductive behaviors, modulation of dendrodendritic synapses is thought to play an important role in learning processes associated with olfactory-mediated behaviors. Dendrodendritic synapses have been extensively studied in the main olfactory bulb (MOB) and are thought to function in a similar fashion in the AOB. Briefly, they consist of excitatory glutamatergic input from MTCs to GCs, inducing the release of ␥-aminobutyric acid (GABA) from the dendrites of GCs and, in turn, inhibiting MTCs (Schoppa and Urban 2003) . However, it has recently been shown that the release of GABA at dendrodendritic synapses in the AOB can occur by activation of group I metabotropic glutamate receptors (mGluR1s) and that the activation of these receptors occurs under physiological conditions, suggesting that the reciprocal synapses between GCs and MTCs in the AOB may differ functionally from those in the MOB (Castro et al. 2007; Heinbockel et al. 2007a,b) .
Information processing in the AOB is highly influenced by modulatory afferent systems. Among them, the noradrenergic system plays an important role in promoting synaptic changes at dendrodendritic synapses, which are thought to underlie the ability to learn the stud's odor signals during mating in mice. The recognition of the stud by female mice after mating is critical because the presence of a strange male can induce pregnancy block, also known as the "Bruce effect" (Brennan 2004; Bruce 1959; Kaba and Nakanishi 1995) . The AOB receives an extensive noradrenergic projection (McLean et al. 1989; Shipley et al. 1985) and, during mating, noradrenaline (NA) levels in the AOB of females are increased (Brennan et al. 1995; Rosser and Keverne 1985) . It has been postulated that NA produces disinhibition of MTCs by reducing the release of GABA from GCs at dendrodendritic synapses in females during mating (Brennan 2004) . Disinhibition of MTCs leads to an increased release of glutamate from MTCs, which then induces the long-term changes underlying the formation of memory to the male. Interestingly, activation of group II mGluRs in the AOB can also promote disinhibition of MTCs and activation of these receptors can induce the formation of memory to the male in the absence of mating (Hayashi et al. 1993; Kaba et al. 1994) . Thus the activation of adrenergic receptors and mGluRs has been postulated to promote the synaptic changes underlying the formation of memory in the AOB in females during mating in mice (Brennan 2004) .
We have recently shown that NA inhibits MTCs in the AOB by increasing GABA inhibitory activity (Araneda and Firestein 2006) . This finding was surprising, given that several studies have indicated that the overall effect of noradrenergic modulation in the olfactory bulb is excitatory (Ciombor et al. 1999; Hayar et al. 2001; Jahr and Nicoll 1982; Mouly et al. 1995; Trombley and Shepherd 1992; but see McLennan 1971; Okutani et al. 1998; Perez et al. 1987; Salmoiraghi et al. 1964) . Moreover, despite the proposed models on the mechanisms underlying the changes induced by NA in the AOB during mating, only a few studies have addressed the cellular actions of this neuromodulatory transmitter in AOB neurons (Brennan et al. 1995; Kaba and Huang 2005; Kaba and Keverne 1988) .
The increase in GABA inhibitory activity in MTCs could result from a direct excitatory action of NA on GCs (Araneda and Firestein 2006) . To address this possibility we characterized the cellular actions of NA in GCs, using whole cell recordings. In agreement with our previous work, we describe an excitatory action of NA on GCs; NA depolarized GCs and induced the appearance of a slow afterdepolarization (sADP) following a stimulus-elicited train of action potentials. These excitatory effects are mediated by activation of ␣ 1 -adrenergic receptors. Similarly, activation of mGluR1s also depolarizes GCs and then induces the appearance of the sADP. Furthermore, we present evidence for an unexpected interaction between the excitation of GCs produced by activation of adrenergic receptors and the activity of mGluR1s.
M E T H O D S

Slice preparation
Experiments were performed in AOB slices obtained from 3-to 6-wk-old C57/BL6 mice; both male and female mice were used in our studies because we did not find any gender differences in the effects of NA. Animals were deeply anesthetized with isoflurane and decapitated. Brain slices were prepared in a modified artificial cerebral spinal fluid (ACSF) of the following composition (in mM): 222 sucrose, 27 NaHCO 3 , 1.25 NaH 2 PO 4 , 3 KCl, 1 CaCl 2 , and 3 MgCl 2 . The whole brain was quickly removed and placed in oxygenated ice-cold sucrose ACSF. A block of tissue, containing part of the frontal lobes and the olfactory bulbs, was glued with cyanoacrylate to a microslicer stage and bathed in chilled sucrose ACSF. Sagittal sections (250 -300 m) of the olfactory bulb, containing the AOB, were sliced using a vibrating microslicer (Leica, Redding, CA). The slices were then transferred to an incubation chamber containing normal ACSF (see following text) and allowed to recuperate first at 34°C for 30 min and then at room temperature for another hour. In all experiments, unless otherwise indicated, the extracellular solution is ACSF of the following composition (in mM): 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 3 myo-inositol, 0.3 ascorbic acid, 2 Na-pyruvate, and 15 glucose, continuously oxygenated (95% O 2 -5% CO 2 ) to give pH 7.4 and osmolarity of about 305 mOsm.
Slices were placed in a submerged recording chamber mounted on the stage of an Olympus BX51, fixed-stage, upright microscope, fitted with differential infrared interference contrast optics. Slices were observed with a ϫ40 water-immersion objective and visualized using a CoolSNAP EZ camera (Photometrix, Tucson, AZ). Granule cells were recognized by their morphology and position in the slices; in the AOB the lateral olfactory tract separates the granule cell layer from the MTCs and glomerular layers (Meisami and Bhatnagar 1998; Takami and Graziadei 1991) . Most experiments, unless indicated, were carried out in the current-clamp mode using standard patch pipettes (3-to 7-M⍀ resistance) pulled on a horizontal puller (Sutter, Novato, CA). All experiments were performed at room temperature.
Data acquisition and analysis
Membrane potential was recorded using a dual EPC10 amplifier (HEKA, Union City, NY). Data analysis was performed using macros written for the IGOR Pro software (WaveMetrics, Lake Oswego, OR) and the Mini60 software (Synaptosoft, Fort Lee, NJ). To elicit the slow afterdepolarization (sADP), GCs were stimulated every 30 s with a depolarizing current stimulus (500 ms) of variable intensity adjusted to elicit 3-12 action potentials. The afterhyperpolarization (AHP) was measured as the most negative value of membrane potential following the depolarizing stimulus and it usually occurred within 100 ms after the end of the pulse. The sADP was measured as the most positive value of membrane potential after the end of the pulse and it generally occurred within a few seconds of the end of pulse. The value of membrane potential prestimulus (baseline) was subtracted from each of these values and thus the reported values of AHP and sADP correspond to the ⌬V (in mV). The duration of the sADP was quantified by fitting a single exponential, from the peak of the response to the end of the stimulus protocol (30 s), expressed as the of decay. The size and duration of the sADP in the presence of agonists were variable from cell to cell and differences in the membrane potential from which it was elicited also contributed to this variability. In general, we found a small positive correlation between the size of the sADP and the voltage prestimulus; larger sADPs were reliably observed at more depolarized potentials (data not shown). Nevertheless, the size and kinetics (time to peak and decay) of the sADP reported here correspond to averages of the largest sADP obtained in different cells in the presence of agonist (or agonist in the presence of antagonist). To obtain the reversal potential of the current underlying the ADP, we used a "hybrid" current/voltage-clamp protocol. In these experiments the amplifier was switched from voltage-to currentclamp 200 ms before a depolarizing current pulse was applied (500 ms, 20 -45 pA) and back to voltage-clamp 50 ms after the end of the stimulus. In voltage-clamp cells were held at Ϫ60 mV and a dual ramp was conducted from Ϫ100 to Ϫ30 mV and back to Ϫ100 mV (70 mV/s). Control ramps were subtracted from the ramps obtained in the presence of phenylephrine (PE) once the depolarizing pulse elicited the sADP in current-clamp. The reversal potential was obtained from the current-voltage relation from the ramp in the negative direction by extrapolating, to the voltage axis, a polynomial fitting of the curves. The kinetic analysis of the GABA inhibitory postsynaptic currents (IPSCs) shown in Fig. 6B was performed in segments of 2 min for control and in the presence of LY367385 (LY) and 1.5-2 min after PE alone or in the presence of LY. Statistical differences were assessed by the paired t-test and the Kolmogorov-Smirnov test for the distributions shown in Fig. 7 . Values reported correspond to results from at least three different trials and error bars indicate the SE.
Solutions and pharmacological agents
In current-clamp experiments the internal solution had the following composition (in mM): 120 K-gluconate, 10 Na-gluconate, 4 NaCl, 10 HEPES-K, 10 Na phosphocreatine, 2 Na-ATP, 4 Mg-ATP, and 0.3 GTP (adjusted to pH 7.3 with KOH). For the experiments with BAPTA, the internal solution had the following composition (in mM): 80 K-gluconate, 25 K-BAPTA, 7.5 CaCl 2 , 2 MgCl 2 , 5 NaCl, 10 HEPES-K, 2 Na-ATP, 4 Mg-ATP, and 0.3 GTP (adjusted to pH 7.3 with KOH). To record GABA IPSCs in MTCs, the internal solution had the following composition (in mM): 125 Cs-gluconate, 4 NaCl, 2 MgCl 2 , 2 CaCl 2 , 10 EGTA, 10 HEPES, 2 Na-ATP, 4 Mg-ATP, and 0.3 GTP (adjusted to pH 7.3 with CsOH). The osmolarity of the internal solutions was adjusted to 290 -305 mOsm. For the experiments in Fig. 4A the extracellular Na concentration in the ACSF was reduced. This modified ACSF (low-Na) had the same composition as that of the normal ACSF (see preceding text) except for the following (in mM): 10 NaCl, 100 N-methyl-D-glucamine, and 10 glucose (the pH of this solution was adjusted to pH 7.4 with HCl). The following drugs were bath applied: noradrenaline (NA), (R)-(Ϫ)-1-(3-hydroxyphenyl)-2-methylaminoethanol hydrochloride (phenylephrine, PE), (RS)-1-aminoindan-1,5-dicarboxylic acid (AIDA), (RS)-3,5-dihydroxyphenylglycine (DHPG), 1-(4-amino-6,7-dimethoxy-2-quinazolinyl)-4-(2-furanylcarbonyl) piperazine hydrochloride (prazosin), (S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385, LY), D-2-amino-5-phosphonopentanoic acid (APV), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f] quinoxaline-2,3-dione (NBQX), bicuculline (Bic), tetrodotoxin (TTX), 1- [␤-[3-(4-methoxyphenyl) propoxy]-4-methoxyphenethyl]-1H-imidazole hydrochloride (SKF96365, SKF), and flufenamic acid (FFA).
The volume of the chamber and the speed of perfusion allowed for full exchange of the solution in Ͻ1 min. Antagonists were applied for Ն10 min. All drugs were purchased from Tocris Cookson (Bristol, UK) except for NA and bicuculline, which were purchased from Sigma (St. Louis, MO).
R E S U L T S
Noradrenaline depolarizes granule cells
Most GCs had hyperpolarized membrane potential and did not fire spontaneously (Ϫ68 Ϯ 1.1, n ϭ 47). As shown in Fig. 1A (top trace), application of NA (10 M) depolarized GCs, with some of these cells reaching threshold, followed by firing of action potentials (9.7 Ϯ 0.9 mV; n ϭ 13). When we recorded the response of two consecutive applications of NA at different potentials in the same cells the depolarization was larger at more depolarized potentials. Thus in the range of Ϫ80 to Ϫ70 mV the average was 6.0 Ϯ 2.3 mV, whereas at depolarized potentials it was 12.5 Ϯ 2.5 mV (Ϫ68 to Ϫ59 mV, P Ͻ 0.03, n ϭ 4). The NA-induced depolarization had a slow onset (127 Ϯ 37 s to peak, n ϭ 5) and lasted several minutes (Ͼ10 min), particularly when it was accompanied by cell firing. The time course of response of the GCs to NA closely resembles that of the increase in GABA IPSCs elicited by NA in MTCs, lasting several minutes (Araneda and Firestein 2006) .
The depolarization of GCs could be mediated by an indirect action of NA, such as a stimulatory action on afferent excitatory terminals from other brain regions. For example, the olfactory bulb receives an extensive excitatory projection from the olfactory cortex and olfactory nucleus (Shepherd and Greer 1998) . To test this possibility we recorded the actions of NA (10 M) in the presence of blockers of excitatory transmission, the N-methyl-D-aspartate (NMDA) receptor antagonist APV (100 M) and the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor antagonist NBQX (10 M). In addition, we included the GABA A receptor antagonist bicuculline (20 M) to block inhibitory transmission and TTX (1 M) to block voltage-gated Na ϩ channels. In the presence of fast synaptic transmission blockers NA still produced a FIG. 1. Noradrenaline (NA) directly excites granule cells (GCs). A, top trace: bath application of NA (10 M, 2 min, top bar) produced a membrane potential depolarization and action potential firing in this GC. The responses evoked by NA had a slow onset (Ͼ40 s) and lasted several minutes (Ͼ10 min), after which the membrane potential returned to resting levels. Bottom trace: in the same cell, application of blockers of fast synaptic transmission [synaptic blockers; D-2-amino-5-phosphonopentanoic acid (APV), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), bicuculline (Bic)] and tetrodotoxin (TTX) to block voltage-gated Na channels, reduced the spontaneous synaptic activity but NA still induced a robust depolarization of GCs (resting membrane potential is Ϫ60 mV). B: in addition to membrane potential depolarization, NA (10 M, 160 s, top bar) induced the appearance of a slow afterdepolarization (sADP) following a stimulus-induced train of action potentials. In this and the next figures GCs are stimulated every 30 s and the stimulus-elicited action potentials appear as upward lines due to compression in the time axis. Bottom traces: under control conditions (arrow 1 in top trace) the depolarizing current stimulus (30 pA, 500 ms) elicited 6 action potentials in this cell (inset). At the end of the stimulus the membrane potential was slightly hyperpolarized and then returned to resting levels. In the presence of NA (arrow 2, top trace) the same stimulus induced 8 action potentials (inset) and was followed by a small hyperpolarization; however, during the next seconds an sADP developed that greatly enhanced the excitation of the cell (see text for values and number of GCs tested). The dotted lines, in this and the following figures, indicate the resting membrane potential before the stimulus, Ϫ72 mV (1) and Ϫ65 mV (2). large, long-lasting depolarization with a time course similar to that observed under control conditions (8.5 Ϯ 4.8 mV, Fig. 1A , bottom trace, n ϭ 4), suggesting a direct action of NA on GCs.
Noradrenaline induces the appearance of a slow afterdepolarization
In addition to the depolarization of GCs, NA (10 M, Fig.  1B , top trace) induced the appearance of a slow afterdepolarization (sADP) following a stimulus-induced train of action potentials (Fig. 1B, bottom traces) . Under resting conditions a depolarizing current stimulus (20 -100 pA, 500 ms) elicited several nonaccommodating spikes (Fig. 1B , trace 1, 10.2 Ϯ 0.5 Hz, n ϭ 46) that were followed by a small afterhyperpolarization at the end of the pulse (AHP, Ϫ2.2 Ϯ 0.2 mV, P Ͻ 0.0001). Following this AHP, the membrane potential was slightly depolarized from baseline (0.2 Ϯ 0.1 mV, P Ͻ 0.03). Application of NA resulted in an increase in the number of action potentials elicited by the stimulus (17.7 Ϯ 1.1 Hz, n ϭ 27), consistent with a depolarization of the cell. As in the control condition, a small AHP followed these action potentials (Ϫ1.3 Ϯ 0.4 mV, n ϭ 25); however, over the next several seconds, a large, long-lasting (Ͼ15 s) sADP developed (8.0 Ϯ 0.8 mV, n ϭ 27). In most cells the sADP further depolarized GCs to threshold, resulting in the firing of action potentials, which greatly exacerbated the underlying depolarization induced by NA ( Fig. 1B; 13 .7 Ϯ 1.3 mV, n ϭ 29). The sADP peaked within a few seconds (2.8 Ϯ 0.3 s, n ϭ 19; see Fig. 5B ) and its duration was variable as the result of differences in membrane potential from which it was elicited (Fig. 5B , ϭ 17.6 Ϯ 3.7 s, n ϭ 14; see METHODS) during the depolarization produced by NA; however, the sADP could still be elicited independent of this depolarization (see following text).
Effect of NA is mediated by activation of ␣ 1 -adrenergic receptors
We have previously shown that the inhibitory effect of NA on MTCs is due to the activation of ␣ 1 -adrenergic receptors, which increases the GABA inhibitory input onto MTCs (Araneda and Firestein 2006) . In agreement with our previous findings, application of the ␣ 1 -adrenergic receptor agonist phenylephrine (PE, 30 M) mimicked the effect of NA on GCs. PE induced a long-lasting depolarization with a time course similar to that of the depolarization of GCs induced by NA ( Fig. 2A, top trace, 15.4 Ϯ 1.8, n ϭ 21). This depolarization did not desensitize when the two PE (30 M) applications were Ն25 min apart (first application, 15.6 Ϯ 4.1 mV; second application, 14.7 Ϯ 3.7 mV, n ϭ 3; data not shown). In addition, PE also induced the sADP, following a stimulusinduced train of action potentials that had characteristics similar to those of the sADP induced by NA ( Fig. 2A , bottom traces; 8.6 Ϯ 1.1 mV, n ϭ 18; time to peak, 3.1 Ϯ 0.7 s, n ϭ 11; ϭ 23.3 Ϯ 8.1 s; n ϭ 4; see also Fig. 3B ). As shown in Fig.  2A , the sADP could still be induced by the depolarizing stimulus when the membrane depolarization produced by PE was counteracted by manually injecting negative current into the cell to keep the membrane potential as close as possible to the resting value (i.e., before PE). Under these conditions the stimulus-elicited action potentials were still followed by the sADP, indicating that the slow depolarization of the cells is not a requirement for appearance of the sADP. To further characterize the pharmacology of this response we used the selective ␣ 1 -adrenergic receptor antagonist prazosin. In the presence of prazosin (300 nM) both the depolarization (11.7 Ϯ 1.9 mV) and the stimulus-induced sADP (7.0 Ϯ 0.8 mV) produced by NA (10 M, n ϭ 3) were completely blocked (Fig. 2B , bottom traces; depolarization, 0.0 Ϯ 1.0 mV; sADP, 0.0 Ϯ 0.0 mV). Taken together, these results indicate that both the depolarization and sADP produced by NA in GCs are mediated by activation of ␣ 1 -adrenergic receptors.
Properties of the afterdepolarization in granule cells
The sADP induced by ␣ 1 -adrenergic receptor activation in GCs has the characteristics of the ADP-induced NA and other neurotransmitters, in various brain regions, including the olfactory bulb (Araneda and Andrade 1991; Constanti et al. 1993; Egorov et al. 2006; Haj-Dahmane and Andrade 1999; Hall and Delaney 2002; ). This ADP is thought to result from the activation of a Ca 2ϩ -dependent nonselective cationic current (I CAN ). To address this possibility, we first recorded the responses to NA (10 M) in the presence of the voltage-gated Ca 2ϩ channel blocker Cd 2ϩ . Application of Cd 2ϩ (200 M) almost completely abolished both the depolarization induced by NA (Fig. 3A , control NA, 14.5 Ϯ 0.9 mV; NA in Cd 2ϩ , 2.8 Ϯ 1.2 mV, P Ͻ 0.01, n ϭ 6) and the sADP (control NA, 5.8 Ϯ 1.0 mV; 1.2 Ϯ 0.7 mV, P Ͻ 0.005). Similar results were obtained when we tested the response to NA in the presence of both Cd 2ϩ and Ni 2ϩ (data not shown). To further characterize the Ca 2ϩ dependence of the sADP, a group of GCs were recorded with an intracellular solution containing the Ca 2ϩ chelator BAPTA. In all these cells the NA (10 M) induced sADP was completely abolished (Fig. 3B , middle traces, 0.1 Ϯ 0.9 mV, n ϭ 5), whereas the depolarization was reduced by about 75% (4.3 Ϯ 1.1 mV). These results indicate that the response to NA depends on Ca 2ϩ entry.
In addition, the sADP was markedly abolished by the putative blocker of the transient-receptor potential canonical (TRPC) channel, SKF96365 (SKF, 30 M; Fig. 3A , bottom trace) (Kim et al. 2003) . As with the experiments using Ca 2ϩ channel blockers the sADP induced by NA (10 M) was abolished by SKF (Fig. 3C, 0 .9 Ϯ 0.4 mV, n ϭ 5), as well as the depolarization (3.2 Ϯ 1.6 mV). We also tested the ability of FFA, a partially selective inhibitor of I CAN (Partridge and Valenzuela 2000) , to block the sADP induced by NA (10 M). In general, the effect of FFA was difficult to reverse and its application resulted in recordings that were unstable. Nevertheless, when we tested different concentrations of FFA in different GCs (n ϭ 6) we found that the size of the sADP was greatly reduced. Thus in two cells each, tested with FFA at 200, 100, and 30 M, the average size of the ADP after NA was 0.9, 0.5, and 1.8 mV, respectively (see Fig. 3B , bottom traces). To further explore the possibility that I CAN underlies the sADP, we tested the effect of PE under conditions where the external concentration of Na ions was reduced, thus decreasing the driving force for Na. Under control conditions PE (30 M), in the presence of TTX (0.5 M), produced a robust stimulus-elicited sADP; however, reducing the Na concentration to 10 mM substantially reduced the sADP (Fig. 4A, top  and bottom traces, n ϭ 4) . Lowering the Na in the external solution decreased the depolarization induced by PE (Fig. 4A , bottom graph; control PE, 18.3 Ϯ 0.7 mV; PE in low Na, 7.3 Ϯ 0.5 mV, P Ͻ 0.002, n ϭ 4) and the sADP (control PE, 4.0 Ϯ 0.4 mV; PE in low Na, 0.8 Ϯ 0.1 mV, P Ͻ 0.002). It should be noted that the AHP was not affected by the Na substitution, indicating that the ionic substitution did not affect the equilibrium potential in the time course of these experiments (control, Ϫ2.0 Ϯ 0.0 mV; low Na, Ϫ2.0 Ϯ 0.25 mV, n ϭ 4). Similarly, we estimated the reversal potential of the current underlying the sADP by conducting a "hybrid" current/voltage-clamp protocol (see METHODS and Fig. 4B ). The inward current induced by PE (30 M) showed a marked decrease toward more negative potentials (Fig. 4B, Ϫ3 .2 Ϯ 2.2 pA at Ϫ100 mV; Ϫ15.2 Ϯ 2.9 pA at Ϫ30 mV, P Ͻ 0.01, n ϭ 4), but failed to reverse at the value of E K (Ϫ95 mV, under our recordings conditions), suggesting that the PE-induced depolarization is not due to the closure of a K conductance. At more positive potentials, the estimated value for the reversal potential of the current is Ϫ20.6 Ϯ 2.2 mV. However, it should be noted that the Ca 2ϩ dependence of this current precludes an accurate measurement of the reversal potential because in this range (i.e., Ͼ40 mV) Ca 2ϩ currents are also active. Nevertheless, this value of reversal potential for the current underlying the ADP is in agreement with that obtained for FIG. 2. The depolarization and sADP elicited by NA is due to activation of ␣ 1 -adrenergic receptors. A: the selective ␣ 1 -adrenergic receptor agonist phenylephrine (PE, 30 M, 2 min, top bar) depolarized this GC and induced the appearance of an sADP following a stimulus-induced train of action potentials. During the application of PE the membrane potential was manually maintained at the resting value by passing negative current, thus counteracting the PE-induced depolarization. Nevertheless, a depolarizing stimulus (20 pA, 500 ms) still induced the sADP, which resulted in firing of the cell (bottom traces in expanded timescale; 1 and 2, control and in PE, respectively; membrane potential is Ϫ54 mV). B: the depolarization and ADP induced by NA are completely abolished by the selective ␣ 1 -adrenergic receptor antagonist prazosin. NA (10 M, 150 s, top bar) depolarized this GC and induced the appearance of the sADP after a stimulus-induced train of action potentials (30 pA, 250 ms; insets 1 and 2: dotted line indicates the membrane potential and Ϫ63 and Ϫ55 mV, respectively). Bottom traces: in the same cell and in the presence of prazosin (300 nM) both the ADP (insets 1 and 2) and the depolarization induced by NA (10 M, 150 s, top bar) are completely abolished. the muscarinic-induced ADP in granule cells in the MOB using a more direct method: flash photolysis of Ca 2ϩ ). Together these results strongly suggest that both the depolarization and the sADP occur via activation of I CAN , although the contribution of other currents is also possible.
Activation of metabotropic glutamate receptors also activates sADP
The olfactory bulb contains abundant expression of mGluRs; both group I and group II mGluRs are highly expressed in the olfactory bulb (for a review see Ennis et al. 2007 ). Recent studies have indicated that activation of group I mGluRs excites GCs in both the MOB and AOB (Castro et al. 2007; Heinbockel et al. 2007a,b) . Furthermore, in the AOB, activation of mGluR1s has been shown to have a physiological role at dendrodendritic synapses between MTCs and GCs, promoting the release of GABA at these synapses (Castro et al. 2007 ). Thus we reasoned that activation of mGluR1 could also induce the appearance of sADP. As shown in Fig. 5A , and in agreement with previous work (Castro et al. 2007 ), the group I agonist DHPG (30 M) produced a depolarization in GCs (14.3 Ϯ 1.4 mV, n ϭ 12). Importantly, application of DHPG also resulted in the appearance of a stimulus-induced sADP (6.8 Ϯ 1.3 mV, n ϭ 11). In the same cells, the depolarization produced by PE had a time course similar to that of DHPG (30 M; Fig. 6A, bottom trace) . Moreover, the size and kinetics parameters of the sADP induced by NA, PE, and DHPG were not different (Fig. 5B , time to peak, 2.5 Ϯ 0.3 s; ϭ 23 Ϯ 6 s; n ϭ 10). These results suggest that activation of mGluR1 and ␣ 1 -adrenergic receptors leads to the activation of I CAN . The depolarization produced by DHPG (30 M) was abolished by LY (100 M), which at this concentration selectively blocks mGluR1s (see Fig. 6B ; control DHPG, 14.7 Ϯ 2.6 mV; DHPG in LY, 2.0 Ϯ 0.6 mV, P Ͻ 0.03, n ϭ 3). Likewise, the sADP induced by DHPG was also reduced in the presence of LY (DHPG, 5.8 Ϯ 1.3 mV; DHPG in LY, 0.3 Ϯ 0.3 mV, P Ͻ 0.03). Last, as with the effect of NA, both the depolarization and the sADP induced by DHPG were not reduced in the presence of APV and NBQX (data not shown). 
Effect of PE is reduced in the presence of an mGluR1 antagonist
Surprisingly, we found that LY, at concentrations that selectively block mGluR1s (Castro et al. 2007) , abolished the excitatory responses to PE in GCs. Under control conditions PE (30 M; Fig. 6A , top bar) depolarized and induced the sADP. In the presence of LY (100 M) the depolarization induced by PE was completely abolished ( Fig. 6B ; control, 16.00 Ϯ 2.99 mV; PE in LY, 1.33 Ϯ 0.84 mV, P Ͻ 0.001, n ϭ 7). The responses to a depolarizing stimulus in control and LY were not different; however, in the presence of LY the PEinduced sADP was also abolished ( Fig. 6A ; PE sADP, 7.33 Ϯ 1.58 mV; PE in LY sADP, 0.33 Ϯ 0.21 mV, P Ͻ 0.005). However, the depolarization and sADP produced by DHPG (30 M) were not antagonized by the selective ␣ 1 -adrenergic receptor antagonist prazosin (300 nM). We also tested a lower concentration of LY (30 M; data not shown); at this lower concentration of blocker the depolarization induced by PE (30 M) was reduced by 31% (control, 13.9 Ϯ 3.1 mV; in LY, 9.6 Ϯ 2.9 mV; P Ͻ 0.02, n ϭ 4), whereas the depolarization induced by DHGP (30 M) was reduced by 49% (control, 15.8 Ϯ 2.4 mV; in LY, 8.1 Ϯ 1.1 mV; P Ͻ 0.02; n ϭ 5). These results suggest that the depolarizing effect and the sADP produced by activation of ␣ 1 -adrenergic receptors are mediated largely, if not completely, by mGluR1 activity.
We have previously shown that NA, acting on ␣ 1 -adrenergic receptors, greatly enhances both the frequency of miniature (m)IPSCs in MTCs and the evoked release of GABA from GCs (Araneda and Firestein 2006) . Thus to further characterize the potential interaction of the excitatory effect produced by ␣ 1 -adrenergic receptor activation and activation of mGluR1s, we recorded GABA IPSCs in MTCs in the presence of TTX (0.5-1 M). In agreement with our results in GCs and our previous work, PE (30 M) substantially increased the frequency of GABA IPSCs ( Fig. 7A ; control, 1.76 Ϯ 0.55 Hz; PE, 17.58 Ϯ 1.75 Hz, P Ͻ 0.004, n ϭ 4), whereas the mean amplitude of the GABA IPSCs was not changed by PE (control, 24.12 Ϯ 5.08 pA; PE, 19.66 Ϯ 1.42 pA, P Ͼ 0.5, n ϭ 4; data not shown). Application of the mGluR1 antagonist LY (100 M) quickly reversed the increase in mean frequency of GABA IPSCs produced by PE, which we have previously shown lasts for several minutes (Ͼ10 min). Importantly, a second application of PE, in the presence of LY, completely failed to increase the mean frequency of GABA IPSCs, indicating that LY effectively blocked the effect of PE (control in LY, 0.66 Ϯ 0.1 Hz; PE in LY, 0.8 Ϯ 0.32 Hz, n ϭ 4). It was previously shown that LY alone could reduce the basal mean frequency of GABA IPSCs in MTCs, suggesting that under physiological conditions mGluRs participate in the release of GABA from GCs (Castro et al. 2007 ). Under our recording conditions, LY produced a reduction in the mean frequency of IPSCs, although it did not reach significance (1.76 Ϯ 0.55 vs. 0.66 Ϯ 0.1 Hz, P Ͼ 0.07, n ϭ 4). To examine the possibility that the blocking effect LY has on the PE-induced increase in the frequency of IPSCs could be limited to this particular antagonist, we also tested the effect of the selective group I antagonist AIDA. In the presence of AIDA (100 M) the increase in IPSCs produced by PE (30 M, n ϭ 4) was also abolished, suggesting that this is not an effect restricted to LY (control, 0.92 Ϯ 0.25 Hz; PE, 7.95 Ϯ 1.83 Hz, P Ͻ 0.03; control AIDA, 1.90 Ϯ 0.61 Hz; PE in AIDA, 3.17 Ϯ 1.32 Hz, P Ͼ 0.1). Last, in agreement with the observed excitatory effect of DHGP on GCs, application of DHPG (30 M) increased the mean frequency of GABA IPSCs in MTCs (control, 2.88 Ϯ 1.25 Hz; DHPG, 8.15 Ϯ 1.97 Hz, P Ͻ 0.03, n ϭ 7). As with PE, the mean amplitude of the IPSCs was not affected by DHPG (control, 15.85 Ϯ 1.97 pA; DHPG, 14.62 Ϯ 1.46 pA, P Ͼ 0.5; data not shown), suggesting a presynaptic effect (i.e., on GCs). As with the excitatory response in GCs, DHPG still increased the mean frequency of IPSCs in the presence of the selective ␣ 1 -adrenergic receptor antagonist prazosin (300 nM) (control in prazosin, 0.84 Ϯ 0.27; DHPG and prazosin, 5.21 Ϯ 1.77, P Ͻ 0.04, n ϭ 7). FIG. 4. The sADP is voltage sensitive and Na dependent. A: the sADP induced by PE (30 M, top left traces; stimulus 50 pA, 500 ms; 6 mV in this cell) is abolished when the extracellular Na concentration is reduced to 10 mM (bottom left traces; stimulus 50 pA, 500 ms). The calibration bar for the inset is 100 ms and 10 mV and the dotted line indicates the membrane potential before the depolarizing stimulus, control, and during PE (Control: Ϫ62 and Ϫ51 mV; low Na, Ϫ60 and Ϫ54 mV, respectively). The arrow indicates the AHP following the stimulus, which is not reduced in the low-Na solution. Left: graph bar summarizing the effects of reducing the extracellular Na concentration on the depolarization and sADP elicited by PE (30 M); both the depolarization and sADP are reduced by reducing the Na; the asterisk indicates a significance of ՆP Ͻ 0.02 (see text). B, top: average current from subtracted current-voltage relationships obtained from a ramp under control conditions and in the presence of PE (30 M; see METHODS). The PE-induced current was significantly larger at Ϫ40 than that at Ϫ100 mV (P Ͻ 0.01).
D I S C U S S I O N
The present study shows that NA, acting through ␣ 1 -adrenergic receptors, excites GCs in the AOB. In addition, NA induced the appearance of the sADP following a stimulusinduced train of action potentials. The Ca 2ϩ dependence, ionic sensitivity, and pharmacology suggest that the sADP is mediated by activation of I CAN . Activation of mGluR1s also depolarized GCs and induced the sADP, suggesting that the excitatory action resulting from the activation of these receptors could be mediated by a common transduction target. Surprisingly, an antagonist of mGluR1s almost completely abolished the excitation of GCs produced by ␣ 1 -adrenergic receptor activation, whereas the mGluR1-mediated excitation was not sensitive to a selective ␣ 1 -adrenergic receptor antagonist. These results indicate that the actions of NA in the AOB may be more complex than previously appreciated.
The olfactory bulb receives a prominent noradrenergic input from the locus coeruleus (Shipley et al. 1985) and noradrenergic modulation of olfactory bulb neurons is thought to play an important role in olfactory processing (Brennan 2004; Doucette et al. 2007; Gire and Schoppa 2008) . We have recently shown that NA inhibits MTCs in the AOB by increasing the frequency of GABA IPSCs, suggesting that noradrenergic system activity promotes GABA release from GCs (Araneda and Firestein 2006) . In agreement with those findings, we show here that activation of ␣ 1 -adrenergic receptors significantly increased the excitability of GCs. NA depolarized GCs and induced the appearance of the sADP following a stimulus-induced train of action potentials (see following text); these excitatory effects contributed to produce a long-lasting depolarization of GCs (Ͻ15 min). The time course and pharmacology of this excitation closely resemble the time course and the pharmacology of the increase in frequency of GABA IPSCs produced by NA in MTCs (Araneda and Firestein 2006) . Furthermore, our results indicate that this excitatory action is likely due to a direct effect of NA on GCs because blockers of fast synaptic transmission and TTX did not affect the excitatory response of NA in GCs. The distribution of noradrenergic fibers and ␣ 1 -adrenergic receptor expression pattern in the AOB further support this conclusion. In the AOB the majority of the noradrenergic fibers are found in the internal plexiform layer, which contains the GC dendrites and the GC layer. Also, our results are in agreement with in situ hybridization experiments that show high expression levels of ␣ 1 -adrenergic receptors, particularly the ␣ 1A subtype, in the AOB (Day et al. 1997; Domyancic and Morilak 1997; McCune et al. 1993; Pieribone et al. 1994) . Virtually no noradrenergic innervation in the glomerular layer is observed (McLean et al. 1989) . Moreover, our results are in agreement with the reported effects of NA at other synapses in the CNS where NA has been shown to exert presynaptic enhancement of inhibitory transmission (Braga et al. 2004) .
The olfactory bulb contains abundant expression of mGluRsboth group I and group II mGluRs are highly expressed in the olfactory bulb (Ennis et al. 2007 ). In the MOB, group I mGluR can enhance synaptic inhibition of MTCs in the MOB (Heinbockel et al. 2007a,b) . In the AOB activation of the group II receptor, mGluR2, is thought to play an important role in the formation of memory during mating in mice (Hayashi et al. 1993; Kaba et al. 1994) . Furthermore, it has been shown that under physiological conditions mGluR1s participate in the release of GABA at dendrodendritic synapses in the AOB (Castro et al. 2007 ). Most of the mGluR1 protein, assessed by immunoreactivity, is found in the internal plexiform layer of the AOB where MTCs are found, suggesting that the increase in GABA release is mediated by mGluR1s at dendrodendritic synapses (Sahara et al. 2001) . We found that activation of mGluR1s produced a response strikingly similar to that observed with ␣ 1 -adrenergic receptor activation. The group I agonist DHPG depolarizes GCs and induces sADP and these effects were blocked by LY at a concentration that selectively blocks mGluR1s. The Ca 2ϩ dependence, voltage sensitivity, sensitivity to blockers, and external Na of the sADP induced by activation of mGluR1s and ␣ 1 -adrenergic receptors suggest that this depolarization is mediated by activation of I CAN . Activation of these receptors in other brain regions, including the olfactory cortex, has also been shown to induce the appearance of an ADP (Araneda and Andrade 1991; Greene et al. 1994; Kim et al. 2003; Libri et al. 1997) . Interestingly, this current has recently been described in a subset of inhibitory neurons in the main olfactory bulb-the Blanes cells-where it is thought to play a role in the initiation of persistent firing, although in these cells I CAN can be elicited in the absence of neuromodulators . On the other hand, activation of type M1 muscarinic receptors also induces the appearance of an ADP following stimulus-elicited action potentials in GCs of the MOB as well as in other brain regions. This ADP is also thought to result from the activation of I CAN (Constanti et al. 1993; Haj-Dahmane and Andrade 1999; . Taken together these results suggest that in GCs second-messenger pathways activated by different receptors can converge onto a common final target-the activation of I CAN -that in turn depolarizes GCs.
Surprisingly, in addition to the blocking effect on mGluR1-mediated excitation of GCs, LY dramatically reduced the excitatory response to PE. In agreement with this blocking action, we found that the increase in mean frequency of GABA IPSCs on MTCs produced by PE was also blocked by LY. It is worth noting that the response to PE was shortened when LY was included in the perfusion shortly after the onset of the PE response. Although we cannot completely rule out a nonspecific effect of LY, the blockade by this group I mGluR antagonist of the ␣ 1 -adrenergic response is not exclusive because AIDA, a general group I mGluR antagonist, also blocked the response to PE, both in GCs and in MTCs. In addition, LY (100 M) does not block the excitatory ␣ 1 -adrenergic response in neurons of the dorsal raphe nucleus (S. Haj-Dahmane, personal communication). Taken together, these unexpected results suggest that activation of ␣ 1 -adrenergic receptors occurs upstream from the activation of mGluR1s and perhaps acts to potentiate a tonic glutamatergic metabotropic activity on GCs, which in turn induces the release of GABA at dendrodendritic synapses. This proposed scheme is in agreement with our findings that the responses to DHPG, both in GCs and MTCs, were insensitive to the ␣ 1 -adrenergic receptor antagonist prazosin. Moreover, this possibility is further supported by a recent report that showed endogenous release of glutamate does in fact activate mGluR1s and can participate in recurrent inhibition in the AOB under physiological conditions (Castro et al. 2007 ). The same study showed that LY significantly reduced the mean basal frequency of GABA IPSCs recorded in MTCs, suggesting that there is a tonic activity of these receptors. We also observed a reduction in the basal mean frequency of GABA IPSCs in MTCs in the presence of LY, although this value did not reach significance within the sample of GCs tested in these experiments.
What is the possible source of this potentiation? Both ␣ 1 -adrenergic receptors and mGluR1s, coupling through G q/11 , activate phospholipase C and induce changes in intracellular Ca 2ϩ (Conn and Pin 1997; Zhong and Minneman 1999) . Additionally, activation of ␣ 1 -adrenergic receptors by NA has been shown to increase intracellular Ca 2ϩ in cultured olfactory bulb interneurons (Tani et al. 1992) . One possibility is that activation of ␣ 1 -adrenergic receptors induces a Ca 2ϩ increase in GCs, which in turn potentiates a tonic mGluR1 response. It has been shown that synaptic activation of GCs can induce a long-lasting depolarization (LLD), which is paralleled by a long-lasting increase in intracellular Ca 2ϩ that could induce GABA release at dendrodendritic synapses. Interestingly, this Ca 2ϩ signal is also dependent on I CAN , raising the possibility that mGluR1 activation could be responsible, in part, for the activation of these LLDs (Egger 2008) . In those experiments the induction of the LLD is also dependent on NMDA receptor activation, although the effects of ␣ 1 -adrenergic receptors and mGluR1s (depolarization and sADP), reported here, were not reduced by blockers of ionotropic glutamate receptors (APV and NBQX), indicating that they may activate a different mechanism involved in GABA release. It is also possible that a second-messenger pathway activated by ␣ 1 -adrenergic receptors could exert a modulatory action of mGluR1, which results in enhancement of their activity. Finally, we cannot exclude the possibility that ␣ 1 -adrenergic receptor activation could decrease the uptake of glutamate released by MTCs. However, in this case the increase in glutamate concentration at dendrodendritic synapses would have to selectively increase mGluR1 activity but not the activity of ionotropic glutamate receptors (i.e., NMDA and/or AMPA) because both the increase in GABA IPSCs frequency in MTCs and the excitatory action in GCs produced by NA are not affected by the presence of blockers of synaptic transmission (i.e., APV and NBQX). Furthermore, we find that activation of mGluR1s and ␣ 1 -adrenergic receptors increases the mean frequency of GABA IPSCs, without any significant change in their amplitude. Also, the insensitivity to blockers of synaptic transmission by the excitatory responses produced by activation of these receptors in GCs strongly suggests that these receptors are located in the GCs. However, it remains to be elucidated whether these receptors are located in the same or different parts of these neurons. Further experiments are needed to distinguish between these possibilities.
The relationship between the basal activity of mGluR1s and the enhancement of this inhibitory action by the noradrenergic system could have an important physiological role in dendrodendritic function. Eliciting the sADP greatly enhanced the excitability of GCs and, in most cases, the sADP was large enough to reach threshold and induce a long-lasting firing of GCs. In general, GCs exhibit a hyperpolarized membrane potential; thus we predict that the level of excitatory input to GCs will be an important determinant of the extent that noradrenergic activation could enhance the release of GABA at dendrodendritic synapses. These excitatory inputs onto GCs are mainly through dendrodendritic synapses and from afferent fibers from the olfactory cortex. Basal dendrites and the soma of GCs receive synapses from centrifugal fibers, as well as axon collaterals from MCs. It has been suggested that this segregated pattern of connectivity is likely to have an important physiological role in GC functioning (Balu et al. 2007; Whitman and Greer 2007) . Excitation driven by either of these inputs (or both) could be enhanced by tonic activity of the noradrenergic system. It has been suggested that persistent spiking in the olfactory bulb GCs can be induced by a pattern of synaptic input similar to that observed during sniffing and this pattern could lead to correlated spiking in MTCs (Inoue and Strowbridge 2008) . In these studies the maintenance of this persistent spiking depends on muscarinic receptor activation and we propose a similar role for the persistent spiking induced by the noradrenergic system and mGluR1s in the AOB. The persistent spiking induced by these systems could act in concert throughout the learning of chemosignals from the male during mating in mice. Thus it appears that a more complex mechanism than a simple excitation of MTCs by the noradrenergic system during mating is needed to explain its role in the Bruce effect (Brennan 2004) . Finally, our results also indicate that studies addressing the physiological role of the noradrenergic system in the olfactory bulb and other brain regions should consider the potential contribution of mGluR activation.
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